Ketamine is widely used as a pediatric anesthetic. Studies in developing rodents have indicated that ketamine-induced anesthesia results in brain cell death. Additional studies are needed to determine if ketamine anesthesia results in brain cell death in the nonhuman primate and if so, to begin to define the stage of development and the duration of ketamine anesthesia necessary to produce brain cell death. Rhesus monkeys (N ¼ 3 for each treatment and control group) at three stages of development (122 days of gestation and 5 and 35 postnatal days [PNDs]) were administered ketamine intravenously for 24 h to maintain a surgical anesthetic plane, followed by a 6-h withdrawal period. Similar studies were performed in PND 5 animals with 3 h of ketamine anesthesia. Animals were subsequently perfused and brain tissue processed for analyses. Ketamine (24-h infusion) produced a significant increase in the number of caspase 3-, Fluoro-Jade C-and silver stain-positive cells in the cortex of gestational and PND 5 animals but not in PND 35 animals. Electron microscopy indicated typical nuclear condensation and fragmentation in some neuronal cells, and cell body swelling was observed in others indicating that ketamine-induced neuronal cell death is most likely both apoptotic and necrotic in nature. Ketamine increased N-methyl-D-aspartate (NMDA) receptor NR1 subunit messenger RNA in the frontal cortex where enhanced cell death was apparent. Earlier developmental stages (122 days of gestation and 5 PNDs) appear more sensitive to ketamine-induced neuronal cell death than later in development (35 PNDs). However, a shorter duration of ketamine anesthesia (3 h) did not result in neuronal cell death in the 5-day-old monkey.
Ketamine produces a dose-related state of unconsciousness and analgesia commonly referred to as dissociative anesthesia (Kohrs and Durieux, 1998 ). Ketamine's role in pediatric anesthesia is well established (Haberny et al., 2002; Mellon et al., 2007) . Recent studies on anesthetics have shown that clinically relevant doses of ketamine, a noncompetitive N-methyl-Daspartate (NMDA) receptor antagonist, trigger massive and widespread apoptotic neurodegeneration in the immature rat brain (Ikonomidou et al., 1999; Scallet et al., 2004) . Because of the complexity and temporal features associated with normal brain development, it has been hypothesized that the developing nervous system may be more susceptible than the mature brain to some neurotoxic insults. During development in the rat, the window of vulnerability to the toxic effects of ketamine is restricted to the period of rapid synaptogenesis, also known as the brain growth spurt, which occurs immediately after neurons have differentiated and migrated to their final destinations (postnatal days . It is postulated that, in rodents, excessive suppression of neuronal activity by ketamine during the brain growth spurt triggers neuronal apoptosis.
NMDA receptors are widely distributed throughout the central nervous system (CNS) and operate ligand-activated ion channels primarily composed of three families of NMDA receptor subunits: NR1 with eight splice variants, NR2 (A-D) (Kutsuwada et al., 1992; Monyer et al., 1992; Moriyoshi et al., 1991) , and NR3A and B (Nishi et al., 2001; Wong et al., 2002) . The NR1 subunit is essential for receptor/channel function. The functional properties of the NMDA receptor vary throughout the CNS and the binding affinities of various ligands for recombinant NMDA receptors depend on subunit composition (Laurie and Seeburg, 1994) . NMDA receptors are involved in a variety of physiological and pathological processes, including memory and learning (Collingridge et al., 1983) , neuronal development (D'Souza et al., 1993) , epileptiform seizures, synaptic plasticity (Meldrum and Garthwaite, 1990) , and acute neuropathologies associated with strokes and other trauma-related events (Beal, 1992) .
Blockade of NMDA receptors is known to cause neuronal cell death in some instances, but the underlying mechanisms involved in such effects are unknown. The administration of noncompetitive NMDA receptor antagonists such as ketamine, phencyclidine (PCP), and MK-801 to rats during a critical period of development results in neuronal cell death in several major brain areas (Ikonomidou et al., 1999; Scallet et al., 2004) . In 1999, Olney and coworkers demonstrated severe widespread apoptosis throughout the rapidly developing brain of the 7-day-old rat pup after ketamine administration. Our previous studies have also demonstrated that repeated administration of PCP to rodents (7-14 days of age) results in a sensitized locomotor response in rats subjected to later PCP challenge (Johnson et al., 1998) . This sensitization is associated with apoptotic cell death and an increase in NMDA receptor NR1 subunit messenger RNA (mRNA) and NMDA receptor immunoreactivity in rat forebrain (Hanania et al., 1999; Wang et al., 1999 Wang et al., , 2005a . PCP-induced neuronal cell loss and associated deficits in acoustic startle prepulse inhibition can be attenuated by treatment with a superoxide dismutase mimetic, M40403 (Wang et al., 2003) , suggesting an important role of superoxide anions in NMDA antagonist-induced apoptosis and behavioral alterations.
The issue of whether ketamine-induced neuronal cell death seen in rodents is relevant for children would be informed if similar effects were seen in a developing nonhuman primate. The present study was designed to (1) determine whether ketamine anesthesia produces elevated neuronal cell death in the developing monkey; (2) determine the most sensitive stages of development during which ketamine increases neuronal cell death; (3) observe the anesthetic duration below which no significant neuronal cell death can be detected; and (4) investigate whether such ketamineinduced cell loss is associated with altered NMDA receptor function/composition or mRNA in developing monkeys.
MATERIALS AND METHODS

Drugs and Other Materials
Ketamine hydrochloride (Ketaset Ò , Fort Dodge Animal Health, Fort Dodge, IA) was diluted in lactated Ringer's solution. Ketamine was identified and its purity confirmed (> 99%) with high-performance liquid chromatography and mass spectrometry (LC/MS). Antisense oligodeoxynucleotide probes (for the NMDA receptor NR1 subunit) were synthesized by and obtained from Sigma Genosys Biotechnologies, Inc. (The Woodlands, TX).
Animals
All animal procedures were approved by the National Center for Toxicological Research (NCTR) Institutional Animal Care and Use Committee and conducted in full accordance with the PHS Policy on Humane Care and Use of Laboratory Animals. The breeding colony consisted of natural-habitat-reared rhesus macaques (Macaca mulatta, age 4-9 years; prime reproductive years) housed at NCTR, an AAALAC-accredited facility, under a 12:12-h light/dark cycle. Monkeys were provided with water ad libitum and fed High Protein Monkey Diet Jumbo (#5047, PMI Nutrition International, Richmond, IN) twice daily, supplemented with fresh fruit three times a week. Monkeys were housed individually when not breeding. Menstrual cycles were monitored via daily vaginal swabs (first day of bleeding ¼ day 1) and females were transferred to a breeder male's cage over days 11-13 of the cycle. Pregnancy was confirmed by ultrasound at 30-40 days of gestation. No ketamine or other pharmaceutical agents were administered to pregnant or potentially pregnant monkeys. For the infants, mothers were allowed to deliver naturally and the day of birth was designated as PND 0. Infants remained with their mothers until the start of the study. When pregnant monkeys were used, the first day of placement with a breeder male was designated gestation day zero (GD 0).
Treatment Groups
Eighteen monkeys at three different stages of development were evaluated: nine animals after 24 h of ketamine anesthesia and nine animals after 24 h of control conditions , PND 5 (range PND 5-6), ]. An additional six PND 5 monkeys were evaluated: three animals after 3 h of ketamine anesthesia and three animals after 3 h of control conditions. In all cases, a 6-h withdrawal period was allowed before animals were deeply anesthetized (ketamine, 20 mg/kg, im), followed by transaortic perfusion of 0.9% saline and 3.7% formaldehyde in 0.1M buffer. The flow rate (10-15 ml/min) was carefully controlled by a pump controller (Masterflex Ò , Cole Parmer Instrument Co. Chicago, IL). The brain samples were removed immediately after perfusion.
For each age and exposure duration, monkeys were randomly assigned to treatment and control groups (N ¼ 3/group).
Dosing Procedure
Immediately prior to the initiation of anesthesia, monkeys were removed from their home cage and transferred to the procedure room. Control monkeys were maintained in a holding cage with water but no food, and were not sedated for physiological measurements or blood sample collection. Samples were collected from the control animals while they were chair-restrained. For treated monkeys, ketamine was given as an initial intramuscular injection (20 mg/kg) followed by continuous intravenous infusion at a rate of 20-50 mg/kg/h to maintain a light surgical plane of anesthesia (as evidenced by lack of voluntary movement, decreased muscle tone, and minimal reaction to physical stimulation with maintenance of an intact palpebral reflex) for either 3 or 24 h. Throughout anesthesia, monkeys were kept in an incubator with a circulating water heating pad and heat lamp to maintain body temperature. Dextrose was administered (5%, 5-15 ml/ kg/h) by stomach tube (infants), water bottle (control pregnant adults), or intravenously (ketamine-treated pregnant adults) to maintain blood glucose levels. Glycopyrrolate (0.01 mg/kg im) was administered prior to anesthesia and every 6 h to all monkeys (both control and treated) to reduce salivary secretions.
The concentrations of labeled species were verified by comparing LC-UV (269 nm) responses with the solutions of unlabeled analogs. No unlabeled ketamine or nor-ketamine was observed in the respective labeled analog (< 0.1%). The plot of response ratios for labeled versus unlabeled ketamine was linear over the concentration range of 0.01-2.0lM unlabeled plus 0.1lM d4-ketamine with a slope of 0.94 and a correlation coefficient of 0.999. The plot of response ratios for labeled versus unlabeled nor-ketamine was linear over the concentration range of 0.01-2.0lM unlabeled plus 0.1lM d4-nor-ketamine with a slope of 1.08 and a correlation coefficient of 0.999. Six different concentration ratios, analyzed in duplicate, were used for each plot and all back-calculated concentrations were within 10% of the nominal value.
Solid phase extraction. To 1-100 ll of plasma was added 10 ll of 1 pmol/ll labeled ketamine/nor-ketamine into a culture tube. The total volume was brought to 250 ll with ammonium acetate buffer (50mM, pH 5.0) and the solution was briefly mixed. Isolute HCX (100 mg) SPE cartridges (Biotage, Charlottesville, VA) were activated with 2 3 1 ml of methanol containing 5% (v/v) concentrated ammonia water (28% w/v) followed by 2 3 1 ml of methanol. The cartridges were then conditioned with 2 3 1 ml 50mM ammonium acetate buffer (pH 5.0) followed by aspiration of the samples. Wash steps included 250 ll of ammonium acetate buffer followed by 250 ll of 1M acetic acid. The cartridges were then allowed to dry before washing with 250 ll of methanol. The analytes were then eluted with 2 3 0.5 ml of 5% methanol containing 5% ammonia. The eluent was evaporated using reduced pressure centrifugation (Speed-Vac, Thermo, Bellefonte, PA). Samples were reconstituted in 100 ll of water and aliquots of 15-50 ll were analyzed.
Liquid chromatography. LC was performed using a Waters Acquity (Waters Co., Milford, MA) separations module in conjunction with a Luna C18(2) (2 3 150 mm, 3 lm particle size, Phenomenex, Torrance, CA) analytical column and a SecurityGuard precolumn (Phenomenex). The isocratic mobile phase consisted of 85:15 0.01% aqueous formic acid:methanol (v/v) at a flow rate of 0.2 ml/min. All separations were performed at ambient temperature with a total run time of 6 min.
Mass spectrometry. Analyses were conducted using a Quattro Micro or Quattro Premier triple quadrupole mass spectrometer (Waters, Milford, MA) equipped with an electrospray source. Positive ions were monitored in selected ion recording mode. Source and desolvation temperatures were set to 100°C and 300°C, respectively with dwell times of 0.2 s. Capillary potential was 0.5 kV. Resolution was set to give peak widths at half-height of 0.9 Th. Optimized m/z ratios were acquired (m/z 242-labeled ketamine, m/z 238-unlabeled ketamine and m/z 228-labeled nor-ketamine, m/z 224-unlabeled nor-ketamine) using cone voltages of 25 and 20 V, respectively, for quantification of the protonated molecules from ketamine and nor-ketamine. In addition, two pairs of confirmatory ions were acquired for ketamine (m/z 211.1-labeled, m/z 207.1 unlabeled) and nor-ketamine (m/z 170.1-labeled, m/z 166.1-unlabeled).
Method performance. The method described was optimized with respect to the solid phase extraction cartridges, solvents, and laboratory hardware available to give the highest recoveries based on fortified samples (> 80%) and MS response. Limits of detection and quantification for ketamine and norketamine were approximately 6 and 17 pg on column, respectively. When using 10-ll plasma samples, this corresponds to concentrations of approximately 0.0012 and 0.0036 lg/ml, respectively (0.005 and 0.014lM).
Method validation. The method was validated for accuracy and precision over 2 days using 10 ll of control rat plasma spiked at concentrations of 0.1, 1.0, and 5.0lM ketamine and nor-ketamine. The accuracies for ketamine were 103-114% and the intraday and interday precision was between 2% and 12%. The accuracies for nor-ketamine were 102-112% and the intraday and interday precision was between 1% and 6%.
Caspase 3 Immunocytochemistry
In order to measure the density and distribution of caspase 3, Fluoro-Jade C and silver staining positive neural cells, the following procedure was followed.
After carefully reviewing the 50-lm coronal sections (for whole monkey brain including hippocampus, thalamus, striatum, amygdala, and cerebellum), it was determined that the effects of ketamine infusion (24 h) on perinatal monkey brain were mainly restricted to the cortical brain regions, especially in the frontal cortex (see ''Results''). The center of the peak regions (cortical regions) of neurodegeneration that in adults would correspond to Interaural 32.70 mm and Bregma 10.80 mm (coronal section coordinates), as defined by the atlas of Rhesus Monkey Brain (Paxinos et al., 2000) , and adjacent pre-and post-serial sections were selected for morphological and statistical measurements.
Coronal sections (50 lm) through whole brain were cut using a vibratome, rinsed in phosphate-buffered saline (PBS) and processed for immunocytochemistry as described previously (Muller et al., 1996) . Briefly, sections were first washed in PBS for 1 h, permeabilized in PBS/0.5% bovine serum albumin (BSA)/0.3% triton for 30 min at room temperature and then incubated with the primary antibodies at 4°C overnight. A rabbit polyclonal antibody that detects human and mouse cleaved caspase 3 (1:200; Trevigen, Gaithersburg, MD), one of the key effectors of apoptosis, was used.
Bound antibodies were revealed with horseradish peroxidase-conjugated sheep anti-rabbit secondary antibodies (diluted 1:40, Boehringer, in PBS/ 0.5% BSA) for 12 h. After washing in PBS, sections were immersed in 3,3-diaminobenzidine tetrahydrochloride (Sigma, St Louis, MO), placed on slides and examined with a Nikon microscope.
Fluoro-Jade C Staining
Coronal sections (50 lm) through whole brain were cut with a vibratome, rinsed in PBS, and processed for Fluoro-Jade C staining as described previously (Schmued et al., 2005) . Prior to staining, sections were mounted onto subgelatinized slides which were first immersed in a basic alcohol solution consisting of 1% sodium hydroxide in 80% ethanol for 5 min followed by a wash for 2 min in 70% ethanol and in distilled water, and incubated in 0.06% potassium permanganate solution for 10 min. Slides were then transferred for 10 min to a 0.0001% solution of Fluoro-Jade C (Histo-Chem, Inc., Jefferson, AR) dissolved in 0.1% acetic acid vehicle. The proper dilution was accomplished by first making a 0.01% stock solution of the dye in distilled water and then adding 1 ml of the stock solution to 99 ml of 0.1% acetic acid vehicle. The slides were rinsed through three changes of distilled water for 1 min per change. The air dried slides were cleared in xylene and then coverslipped with DPX nonfluorescent mounting media (Sigma).
Degeneration-Selective Silver Staining
Adjacent sections (50 lm) through whole brain were cut with a vibratome, rinsed in PBS, and processed for DeOlmos silver staining as described previously (Ye et al., 2001) . Briefly, sections were processed in a plastic staining basket with 24 wells and a vinyl mesh bottom. Sections were rinsed and preincubated in pretreating solution (9% NaOH þ 1.2% NH 4 NO 3 ) for 10 min. Sections were incubated in impregnating solution (9% NaOH þ 16% NH 4 NO 3 þ 50% AgNO 3 ) for 10 min then rinsed in washing solution (1.2% NH 4 NO 3 þ 0.05% C 6 H 8 O 7 ). The sections were then processed in developing solution (0.05% C 6 H 8 O 7 þ 1.2% NH 4 NO 3 ) for 1 min, bleached with 0.5% acetic acid for 10 min, and mounted onto subgelatinized slides. Finally, the slides were dehydrated in a series of ethanol washes, cleared in xylene, and coverslipped with permount medium.
Quantitative Analysis
To determine the degenerative neural cell, a PC-based Image Analysis System (MCID, Imaging Research, Inc., St Catherines, Ontario, Canada) interfaced to an Olympus Vanox microscope by way of a solid state video camera was used for image analysis. Unbiased sampling for each monkey was performed by randomly selecting five viewing fields (310)/section from six serial frontal cortical sections collected from the same cortical location from each monkey. These viewing fields (photographs) were counted by a trained expert and later confirmed by two raters whom were blind to the treatment.
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The threshold was determined interactively by consensus of two trained observers and then held constant for all viewing fields (Scallet et al., 2004) . The numerical density counts generated by our procedure accurately represented the silver grains visible in the original images.
TUNEL (Terminal deoxy-Uridine Triphosphate Nick-End Labeling) Assay
Condensed or fragmented DNA was assayed using TUNEL staining as previously described (Johnson et al., 1998; Rabacchi et al., 1994) . Deoxynucleotidyl transferase (TdT), a template-independent polymerase, was used to incorporate biotinylated nucleotides at sites of DNA breaks. The signal was then amplified using avidin-biotin peroxidase, enabling conventional histochemical identification by light microscopy. In brief, brain tissues (N ¼ 3/group; initially perfusion fixed) were removed from the frontal cortex (from left hemisphere; these tissues were also used for electron micrograph [EM] and in situ hybridization studies) and additionally fixed in ice-cold (4°C) 4% paraformaldehyde. Slide-mounted sections (10 lm) were treated with proteinase K to dissociate proteins from DNA and the sections were washed in PBS. The sections were covered with H 2 O 2 to inactivate endogenous peroxidase, rinsed with PBS, and immersed in TdT buffer (30mM Tris, pH 7.2, 140mM sodium cacodylate, 1mM cobalt chloride). The reaction mixture was then replaced with TdT (0.3 U/ll; Roche, Indianapolis, IN) and biotinylated deoxy-uridine triphosphate (0.2nM/10 U TdT; Roche) in TdT buffer and incubated in a humid atmosphere at 37°C for 60 min. The reaction was terminated by transferring the sections to buffer (300mM NaCl, 30mM sodium citrate) for 15 min at room temperature. The slides were rinsed with PBS, covered with 2% BSA for 10 min at room temperature, and rinsed in PBS. The slides were covered with biotinavidin (1:50 in PBS; Vectastain ABC kit; Vector, Burlingame, CA), incubated for 30 min at 37°C and immersed in 0.05M Tris-HCl. The reaction product was visualized with 3,3#-diaminobenzidine (Sigma).
Electron Microscopy
All brain tissues for EM study (N ¼ 3/group; control and ketamine-treated) were removed from the frontal cortex (left hemisphere) and additionally fixed in ice-cold (4°C) 2% paraformaldehyde and 0.1% glutaraldehyde in 0.1M phosphate buffer (pH 7.4). The frontal cortex tissues were washed (3 3 30 min) in 0.1M phosphate buffer (pH 7.4), postfixed with 1% osmium tetroxide in 0.1M cacodylate buffer, then washed with 25% and 50% ethanol plus 5% uranyl acetate, followed by dehydration in an ascending ethanol series and embedded in Epon. The semisections (1 lm) were counterstained with Toluidine Blue dye and then examined under a Nikon light microscope. The thin sections were then counterstained with uranyl acetate and lead citrate, and randomly selected fields were examined at 60 kV using a Philips CM100 electron microscope.
In Situ Hybridization
An oligonucleotide probe complementary to the mRNA encoding the NMDA receptor NR1 subunit was selected on the basis of cloned complementary DNA sequences. The sequence of the probe used for in situ hybridization was as follows: 5#-TTCCTCCTCCTCCTCACTGTTCACCTT-GAATCGGC-CAAAGGGACT (this corresponds to a region that is constant across all NR1 splice variants). It was 3# end-labeled by incubation with [ 35 S]deoxy-adenosine triphosphate (New England Nuclear, Boston, MA) and TdT (Boehringer Mannheim Corp., Indianapolis, IN) to attain specific activities of approximately 5-8 3 10 cpm/lg. The specificity of the probes has been previously described (Monyer et al., 1992; Moriyoshi et al., 1991) .
Coronal sections (10 lm) through the frontal cortex were cut with a cryostat, rinsed in PBS, and processed for in situ hybridization as described previously (Bartanusz et al., 1993) . After an overnight hybridization at 41°C, slides were washed successively in 43, 13, and 0.13 SSC (sodium chloride-sodium citrate solution), quickly dehydrated in ethanol (70%), and air dried. Autoradiography was performed using Kodak (Rochester, NY) NTB3 emulsion; slides were exposed for 3 weeks at 4°C. Analysis of in situ hybridization autoradiographs was accomplished on hematoxylin-eosin-counterstained sections.
Quantitation of In Situ Autoradiographs
Images were acquired with the Microcomputer Imaging Device (MCID; Imaging Research, Inc., St Catherines, Ontario, Canada) for analysis. Briefly, the images were smoothed with a 3 3 3 square filter to remove noise, and regions of interest (ROIs) were selected using a threshold technique that segments the image into labeled cells and background (Scallet et al., 2004) . The threshold was held constant for all ROIs within each section. The density of silver grains associated with neurons was estimated by measuring the area within a 20-lm-fixed-diameter circle placed over individual neurons that exceeded the threshold value. Background labeling was determined in a similar fashion and was subtracted from each measurement to estimate specific labeling in each ROI. A monotonic relationship was assumed to exist between measured labeling and the amount of mRNA labeled with the radioactive probe. This technique is similar to that used by several laboratories except that a fixed size rather than a variable size ROI was used.
Statistical Analyses
The effect of ketamine treatment on physiologic endpoints and histochemical endpoints at the three stage-of-development dates (GD 122, PND 5, and PND 35) and two durations of exposure (24 and 3 h) was analyzed. The data for the 24 and 3 h exposures were analyzed separately. For the 24 h exposure, a two-way analysis of variance (ANOVA), stage of development and treatment, with a repeated measure variable was used to evaluate ketamine effect. The repeated variable is a time variable following initiation of treatment for physiologic endpoints, and the repeated variable for the histochemical points is a section variable represented various measurements made in different sections. For each stage of development and treatment combination, the post t-test for the treatment effect was performed. The Tukey test was used to correct for multiple comparisons. The data for the 3 h exposure at PND 5 were analyzed using a one-way ANOVA with a repeated (time or section) variable. The null hypothesis was rejected at the significance level of p < 0.05. All analyses were conducted using Statistical Analysis System (SAS) (Cary, NC).
RESULTS
Intravenous Ketamine Anesthesia, Pharmacokinetics, and Physiologic Responses
Pharmacokinetics of ketamine. Steady-state plasma concentrations of ketamine were achieved following 6-12 h of anesthesia (Fig. 1A) . The metabolite nor-ketamine also reached pseudosteady-state plasma levels by 12 h (Fig. 1B) . PND 35 monkeys required a higher plasma concentration of ketamine to maintain the same plane of anesthesia as the PND 5 monkeys and pregnant adults. The metabolism of ketamine to nor-ketamine tended to occur more readily in infants than in adults.
Physiologic response to ketamine infusion. Maternal and infant physiological parameters including percent oxygen saturation, exhaled carbon dioxide, body temperature, heart rate, blood pressure, glucose, and hematocrit were all monitored and maintained within normal ranges. Small but statistically significant differences were observed between control and treated animals for some parameters. Heart rate was lower in all ketamine-treated monkeys than in the corresponding controls (Table 1) . Respiratory rate was slower and expired CO 2 concentration was higher in treated than in control infants, and the changes were similar for PND 5 and PND 35 monkeys. Blood pressure was decreased in ketamine-treated pregnant females compared to controls, as well as in ketamine-treated PND 5 monkeys. The percent oxygen saturation averaged 94% or above for all study groups. Body temperature and blood glucose were not different between control and treated monkeys.
Anesthesia-Induced Neuronal Cell Death is Age (Developmental Stage) Dependent
Ketamine infusion for 24 h produces a large increase in the number of caspase 3-positive neurons in layers II and III of the frontal cortex in fetal (GD 122) (Fig. 2B ) and PND 5 (Fig. 2D) infant monkey brains compared with control ( Figs. 2A and 2C) . Caspase 3-positive neurons in these layers still maintained typical pyramidal morphology and neuronal processes. Although a few caspase 3-positive neuronal cells were observed in some additional brain areas including the hippocampus, thalamus, striatum, and amygdala, no significant difference was detected between ketamine-treated and control monkeys in these areas (data not shown). Caspase 3-positive neurons were prominent in the cortex, especially in the frontal cortex in ketamine-treated monkeys (GD 122 and PND 5). Ketamine infusion had no effect in the cerebellum. In addition, no significant increase in cell death was observed in the brains of PND 35 monkeys treated with ketamine compared to control monkeys (Figs. 2E and 2F) . As was the case for the caspase 3 expression pattern, increased numbers of Fluoro-Jade C-positive and Silver-impregnated degenerating neuronal cells were observed in the frontal cortex of GD 122 fetuses and PND 5 monkeys, but not in PND 35 monkeys (Fig. 3) .
Anesthesia-Induced Neuronal Cell Death is
Exposure-Time Dependent
At PND 5, 24-h ketamine infusions significantly increased the number of silver-impregnated neuronal cells (Fig. 4B ) and the number of Fluoro-Jade C-positive degenerating neuronal cells (Fig. 4E ) in layers II and III of the frontal cortex compared with controls (Figs. 4A and 4D ). However, ketamine-induced Values are means ± SD across all time points for N ¼ 3 monkeys/group. MAP ¼ mean arterial pressure. *Indicates significant difference (p < 0.05) between control and ketamine-treated monkeys for the same age and duration of exposure.
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cell death was not detected in layers II and III in the frontal cortex of PND 5 monkeys infused with ketamine for only 3 h (Figs. 4C and 4F) . Only a few Silver-, Fluoro-Jade C-, and caspase 3-positive neurons were observed in the hippocampus, thalamus, striatum, and amygdala and this was not different from control animals (data not shown). Statistical analyses of these data indicate that 24-h ketamine infusions, but not 3-h ketamine exposures, result in significant increases in the number of caspase 3-, Fluoro-Jade C-and silver stain-positive cells in the frontal cortex of PND 5 monkeys (Fig. 3) .
FIG. 2. Caspase 3 immunostaining in the frontal cortex of control and ketamine-treated monkeys. Intense caspase 3 immunostaining was observed in layers II and III neural cells in the ketamine-treated (24-h intravenous infusion) GD 122 (B) and PND 5 monkeys (D) compared to the controls (A and C).
However, no significant increased number of caspase 3 positive neurons was observed in the ketamine-treated PND 35 monkeys (F) compared to controls (E). Scale bar ¼ 100 lm
Anesthesia-Induced Neurodegeneration and Altered NMDA Receptor Expression
The 24-h ketamine infusions produced elevated neuronal cell death as indicated by the increased number of TUNELpositive cells in GD 122 monkey fetuses and PND 5 infants. In controls (Fig. 5A) , only a few TUNEL-positive cells were observed, however, numerous darkly stained TUNEL-positive cells exhibiting typical nuclear condensation and fragmentation indicative of enhanced apoptotic cell death were observed (Fig. 5B ) in ketamine-infused PND 5 monkeys. The TUNEL assay relies on the detection of fragmented DNA strands. Although TUNEL assay is widely used to assess apoptosis in situ, it is not absolutely specific for apoptosis because fragmentation can occur via nonapoptotic mechanisms.
At the EM level, the direct evidence of increased neuronal cell death in PND 5 monkeys was confirmed, and no evidence of increased cell death was observed in PND 35 monkeys. Figure 6 shows representative nuclear condensation, fragmentation (apoptosis) (Fig. 6B-1) , and necrotic characteristics ( Fig.  6B-2) , including neuronal mitochondrial swelling and neuronal cell body (with typical nucleolus in nucleus) swelling in the PND 5 monkeys compared to the controls that exhibit an intact cytoplasm and nuclear membrane (Fig. 6A) .
In both controls and PND 5 ketamine-treated monkeys, NMDA receptor NR1 subunit mRNA is prominent (Fig. 7) . The autoradiograph grain density (labeling) for NR1 subunit mRNA is upregulated in monkey infants treated with ketamine for 24 h (B) compared with controls (A). A comparison between the two indicates a significant increase for NR1 mRNA signals in ketamine-treated monkey infants. Quantitative analysis of the NR1 in situ hybridization signal indicates that no significant effect was observed between controls and monkey infants anesthetized for 3 h with ketamine (Fig. 7C ).
DISCUSSION
Various anesthetic protocols have been used in pediatric medicine for many decades without clear systematic assessment concerning drug exposure and possible neurotoxicity. It is known that most of the currently used general anesthetic drugs have either NMDA receptor blocking or gamma-aminobutyric acid receptor enhancing properties. To minimize the risk to children resulting from the use of anesthetic agents, it is necessary to understand the effects of these drugs on the developing nervous system. While it is clear that ketamine causes neurodegeneration in the rodent model when given repeatedly during the brain growth-spurt period (Ikonomidou et al., 1999; Wang et al., 2005b) , it is not yet known whether a similar phenomenon also occurs in primates. In order to better determine if ketamine-induced neurodegeneration in the developing rat has clinical relevance, ketamine was examined in a nonhuman primate model that more closely mimics the developing pediatric population (Haberny et al., 2002; Wang et al., 2006) . The similarity of the physiology, pharmacology, metabolism, and reproductive systems of the nonhuman primate to that of the human, especially during pregnancy, allows the monkey to be an exceptionally good animal model for use in detecting potential neurodegenerative effects of ketamine.
In the present study, important maternal and infant physiological parameters including percent oxygen saturation, exhaled carbon dioxide, body temperature, heart rate, blood pressure, glucose, and hematocrit were all monitored and maintained within normal ranges. Monitoring and control of these parameters is an essential component of any animal model and is made possible by using a primate. The parameters are carefully controlled during pediatric anesthesia, but are very difficult to control and monitor in rodent models. Because Quantitative analyses of ketamine-induced neurodegeneration assessed using caspase 3 immunostaining (A), silver staining (B) and FluoroJade C staining (C). For each condition, three animals were randomly assigned to treatment and control groups (N ¼ 3/group). Data are presented as means ± SD. * A probability of p < 0.05 was considered significant (two-way ANOVA). prolonged hypoperfusion can lead to cerebral hypoperfusion and ischemic-related cell death, it is important that no evidence of abnormal blood pressure or oxygen saturation was observed. Ketamine is clinically used to provide anesthesia because it lacks the cardiorespiratory depression seen with most other general anesthetic agents (Zielmann et al., 1997) . Ketamine also possesses sympathomimetic properties which counteract the cardio-depressive properties of propofol (Badrinath et al., 2000) . In anesthetic practice, high plasma and brain concentrations of ketamine result in dissociative anesthesia, amnesia, a rise in arterial pressure, increased heart rate and cardiac output, and raised intracranial pressure with relative preservation of airway reflexes and respiration. Ketamine became established for use in hypovolemic patients and in difficult locations such as battlefields because of its relative safety. Thus, it is quite likely that the heart rate and blood pressure observed in the control animals were abnormally high due to the transient restraint stress associated with obtaining these measurements.
Placental transfer of ketamine occurs rapidly and maternal blood levels have been reported to be comparable to fetal blood 
FIG. 6. Enhanced neuronal cell death in 24-h ketamine-infused monkeys.
EM show a normal neuron with intact cytoplasm and nuclear membrane from a PND 5 control monkey (A). EMs also show nuclear condensation ( * , in B-1), nuclear fragmentation (>, in B-1) (advanced states of apoptosis), typical mitochondrial swelling, and neuronal cell body swelling (Ó, in B-2) (necrosis) in layers II and III of the frontal cortex from a 24-h ketamine-infused PND 5 monkey. Scale bar ¼ 0.64 lm.
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levels within 2 min of maternal administration (Ellingson et al., 1977) . Ketamine is distributed rapidly after intravenous administration (Grant et al., 1981) . Thereafter, plasma levels fall rapidly; however, the mean terminal half life is 186 ± 10 min, fitting a two compartment open model . In the present study, ketamine was given as an initial intramuscular injection (20 mg/kg) followed by a continuous intravenous infusion at a rate of 20-50 mg/kg/h. Peak plasma concentrations of ketamine were attained between 6 and 12 h after the beginning of infusion with peak concentrations of the metabolite nor-ketamine occurring slightly later. In the infants there appears to be greater metabolism of ketamine to nor-ketamine than in pregnant adults. The ketamine levels required to maintain anesthesia were 10-25 lg/ ml, which is 5-10 times higher than those observed in humans (2-3 lg/ml). It is important to note that the plasma concentrations of ketamine were highest in the PND 35 monkeys even though no evidence of increased neuronal cell death was observed as compared to control animals of the same age. In the PND 5 monkeys, where neuronal cell loss was evident, the plasma levels averaged approximately 10 lg/ml, which is only three to five times the plasma levels observed in humans. It is noteworthy that the monkey requires higher plasma levels of ketamine to achieve the desired degree of anesthesia.
During the brain growth spurt, blockade of the NMDA receptor for a period of hours triggers widespread apoptotic neurodegeneration in the rodent brain (Jevtovic-Todorovic et al., 2003) . In the present study, potential neurodegenerative effects induced by ketamine were examined using caspase 3 immunostaining and degeneration-selective stains (Silverand Fluoro-Jade C-stain). These data suggest that the earlier developmental stages in the monkey (GD 122 and PND 5) are more sensitive to ketamine-induced cell death than are later developmental stages, such as PND 35. It should be noted that the pattern or topography of ketamine-induced neurodegeneration in developing monkeys is very different from that reported in developing rodents. A previous study demonstrated significant increases in apoptosis in multiple brain regions, particularly in the thalamus, of the PND 7 rat pup after ketamine administration (Ikonomidou et al., 1999) . Also, the developmental lesions caused by ketamine are distinctly different from those that occur in adult rats, which are characterized by vacuole formation in the retrosplenial cortex (Olney, 1994) . However, the consequences of altered apoptotic events during development may be far more serious than the lesions seen in adult animals because a larger proportion of brain neurons may be compromised. Thus, it is proposed that the topographic differences in ketamine-induced neurodegeneration may be related to (1) duration of anesthesia/exposure; (2) route of ketamine administration; (3) animal species; (4) ketamine plasma levels; and (5) the developmental stage at the time of exposure. Furthermore, there is considerable information on species differences concerning the ontogeny of glutamate receptors (Johnson, 1994) . It is generally considered that NMDA receptor binding FIG. 7 . NMDA receptor NR1 subunit mRNA abundance in the frontal cortex of PND 5 monkeys. The autoradiograph grain density (labeling) for NR1 subunit mRNA is upregulated in 24-h ketamine-infused monkeys (B) compared with controls (A). Quantitative analysis (relative labeling density) of the effects of ketamine infusion on the in situ hybridization signal of NMDAR1 subunit mRNA expression in layer II of the frontal cortex of PND 5 monkeys is also shown (C). A comparison between 24-h ketamine infusion and control indicates a significant increase (*p < 0.05) for NR1 mRNA in situ hybridization signals in ketamine-treated monkeys, however, no significant effect was observed between the 3-h ketamine-treated and control monkeys. Scale bar ¼ 60 lm.
sites are present in the human fetal brain by GD 115, increase until GD 140-150 and then decrease slightly by GD 168-182 (Haberny et al., 2002) . The localization of NMDA receptors in monkey cortices is similar to that seen in humans (Huntley et al., 1997) . In contrast, the distribution of NMDA receptors in rats is different from that in monkeys (Meoni et al., 1998 ). An earlier study showed that there were differences between rats and monkeys with respect to the selective effects of NMDA receptor antagonists on specific learning processes (Cory-Slechta, 1994) . Because the brain growth-spurt period in humans and nonhuman primates extends over a much longer period than in the rat, it is difficult to match between species the exact stage of development during which particular neurodevelopmental events occur. It should be noted that relative to birth, the rodent is immature as compared to the human or monkey so that early postnatal studies in the rat are comparable to late gestation or newborn status in the primate.
Although a complete definition of the window of vulnerability to the effects of ketamine in the primate is not possible from a single study, sensitivity is apparent from at least by 75% of gestation and lasts to early postnatal life up to sometime before PND 35. However, in the rat, the window of vulnerability begins one day after birth and ends approximately 14 days later (Ikonomidou et al., 1999) . This is a period in the rat before the complete development of motor and other relevant systems and during intense synaptic remodeling in multiple brain regions. This is also a period of rapid myelin formation during which most afferent pathways are already present in their target areas; however, their distribution and synaptic targets are still immature. During these sensitive stages, altered glutamatergic neurotransmission and receptor expression induced by NMDA antagonists (such as ketamine) could affect neuroplasticity and cause neuronal toxicity. Thus, abnormal neuronal development, abnormal synaptic plasticity, and neurodegeneration have been proposed as causal or contributing factors in anesthetic-induced neurotoxicity (Wang et al., 2006) . The period of vulnerability of the immature rat brain to ketamine-induced neurodegeneration coincides with the critical stages of monkey brain development. GD 122 fetuses and PND 5 infants that are at the peak of synaptogenesis, appear much more vulnerable than PND 35 monkeys that are undergoing much less synaptogenesis. Although the precise correlation between stages of brain development in humans and monkeys and/or species-specific vulnerabilities to anesthesiainduced neuronal damage cannot be specified, matching such events between human and nonhuman primates is less problematic than matching these phenomena between primates and rodents. For example, according to a recent review, the GD 123 monkey fetus is equivalent to the 199 GD human fetus as determined by cortical development and both are in the range of 75-80% of normal term (Clancy et al., in press) .
One of the main goals of this study was to determine whether there is an anesthetic duration below which no significant ketamine-induced neuronal cell death can be detected. In the present study, PND 5 monkeys were evaluated after 3 and 24 h of ketamine anesthesia. The 24-h duration was selected as a relatively long duration, while the 3-h duration more closely approximates typical general pediatric anesthesia. The results indicate that no significant neurotoxic effects were observed if the anesthesia duration was 3 h; however, 24-h anesthetic sessions produced a significant increase in the number of caspase 3-positive neurons, silver-stained and Fluoro-Jade C-positive cells in layers II and III of the cortex. These data are very consistent with those observed in our time-course studies using a primary cortical culture system established from developing rats and PND 3 monkeys (Wang et al., 2005b (Wang et al., , 2006 . In these time-course studies, the cultures were exposed to ketamine for 2, 4, 6, 12, and 24 h and the data indicated that the addition of 10lM ketamine results in about a 30% loss in cell viability at 6 h, and an approximately 50-70% loss after 12-24 h of exposure. However, there were no significant differences between control and ketamine-exposed cultures at 2 h. After 4 h of exposure a slight but nonsignificant increase in cell death was observed. It was proposed that continuous activation of upregulated NMDA receptors (compensatory) over 6-24 h was critical for the production of ketamine-induced cell death in developing neurons in monkey frontal cortical cultures (Wang et al., 2006) .
The NMDA receptor NR1 subunit is widely distributed throughout the brain and is the fundamental subunit necessary for NMDA channel function. NMDA receptor density has been shown to increase in cultured cortical neurons after exposure to the NMDA receptor antagonists D-AP5, CGS-19755, and MK-801, but not after exposure to the alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid/kainate receptor antagonist CNQX (Williams et al., 1992) . Overactivation of NMDA receptors is known to kill neurons via a necrotic mechanism characterized by excessive sodium and calcium entry, accompanied by chloride and water entry that leads to cell swelling and death (Rothman et al., 1985) . More recently, it has been shown that NMDA receptor activation can also lead to apoptotic cell death (Ankarkona et al., 1995; Wang et al., 2000 Wang et al., , 2004 . The characteristics of an excitotoxic insult that lead to necrosis or apoptosis are not clearly elucidated and may depend on the concentration of glutamate agonist, the duration of the treatment, the receptor subtype activated, and the cell type and its stage of development or maturity (Portera-Cailliau et al., 1997) . In previous studies we have observed that the administration of PCP, a noncompetitive NMDA antagonist, results in enhanced NMDA receptor expression and function in vivo and in vitro (Wang et al., 1999 (Wang et al., , 2000 . This also appears to be true for ketamine treatment in vitro. We found that ketamine administration to forebrain cultures also results in an upregulation of NMDA receptor NR1 subunit protein that is accompanied by enhanced apoptosis. Ketamine-induced apoptosis was confirmed by measuring the alterations in the number of TUNEL-positive cells, 3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT) metabolism, and DNA fragmentation. In addition, no significant effect was observed on lactate dehydrogenase ANESTHETIC-INDUCED NEURONAL CELL DEATH (LDH) release (indicating necrotic cell death) in ketaminetreated (10lM) rat cultures (Wang et al., 2005b) . In monkey frontal cortical cultures, however, ketamine produces a doserelated increase in neurotoxicity (Wang et al., 2006) . In contrast to the effects of ketamine in rat cultures, increased internucleosomal DNA fragments (mostly apoptotic) and significant increases in LDH release (mostly necrotic), coupled with decreased mitochondrial MTT metabolism (reduction of total cell viability), suggest that ketamine-induced cell death in monkey cultures is characterized by both apoptosis and necrosis. In the present study, to better understand the nature of ketamine-induced cell death in the developing primate brain, TUNEL data and EM observations in the prefrontal cortex were analyzed using tissue from PND 5 monkeys. The TUNELassay labels broken DNA strands, a process often associated with apoptosis. Numerous darkly stained TUNEL-positive cells were observed in 24-h, but, not in 3-h ketamine-infused monkeys (PND 5). EM observations showed typical nuclear condensation, fragmentation, and neuronal mitochondrial swelling, as well as neuronal cell body swelling in the 24-h ketamine-treated infants and fetuses, but not in monkey infants anesthetized for only 3 h. Although it was not the intent of this study to absolutely distinguish between apoptosis and necrosis, nor their apoptotic to necrotic ratios, these data support the hypothesis that ketamineinduced neuronal cell death in PND 5 monkey is both apoptotic and necrotic in nature.
The ability of ketamine to enhance neurodegeneration may be the result of a ketamine-induced compensatory upregulation of NMDA receptors. This upregulation makes neurons bearing these receptors more vulnerable, after ketamine withdrawal, to the excitotoxic effects of endogenous glutamate. In fact, this hypothesis was supported by the observation that, in cells (monkey in vitro) kept in defined serum-free media with no or very low concentrations of glutamate for 24 h after ketamine withdrawal, no significant effects of ketamine were noted. In addition, a 4-to 6-h minimum withdrawal (ketamine washout) period is necessary for ketamine-induced neurotoxicity in vitro, and the coadministration of antisense oligonucleotides that specifically target NMDA receptor NR1 subunit mRNA was able to block the neural damage induced by 10lM ketamine (Wang et al., 2006) . Of particular interest are the possible mechanisms by which ketamine might upregulate NMDA receptors. In the present study, to determine whether altered regulation of NMDA receptor subunits promotes ketamine-induced cell death, in situ hybridization detecting the relative densities of NMDA receptor NR1 subunits following ketamine infusion was performed. An oligonucleotide probe complementary to the mRNA encoding the NMDA receptor NR1 subunit was selected (Monyer et al., 1992; Moriyoshi et al., 1991) . Our present data indicate that in the monkey frontal cortex, NMDA receptor NR1 subunit mRNA is prominent, and labeling for NR1 subunit mRNA was upregulated in 24-h ketamine-treated monkeys (PND 5) compared with controls. Importantly, no significant effect on the expression of NR1 subunit mRNA was detected in PND 5 monkeys infused with ketamine for 3 h. These results are consistent with the literature demonstrating that treatment with NMDA antagonists produces upregulation of the NMDA receptor complex as measured by an increase in the B max of NMDA receptor binding sites (McDonald et al., 1990; Williams et al., 1992) . Chronic treatment with ethanol, another noncompetitive NMDA antagonist (Lovinger et al., 1989) , has also been shown to upregulate NMDA receptor number and function both in vitro and in vivo (Grant et al., 1990; Trevisan et al., 1994) . Together these results indicate that NMDA antagonists are capable of increasing the amount of receptor message as well as elevating neuronal cell death. It is possible that the increased NR1 expression seen here was due to an increase in the rate of transcription or a decrease in the rate of degradation. Since the exact relationship between receptor subunit mRNA and protein expressed in the cell membrane is unknown, alterations in the mRNA level cannot be interpreted as alterations in NMDA receptor subunit expression. Although, a change in mRNA synthesis could result in increased receptor expression, it has been reported that chronic ingestion of ethanol over a 12-week period results in an increase in NR1 immunoreactivity in hippocampus, but not in the cortex, nucleus accumbens, or striatum (Trevisan et al., 1994) . Thus, the pattern of changes in the regulation of NMDA receptor expression may be quite different, depending on the antagonist, and the dose, duration, and frequency of its administration and species. In addition, it is possible that an increased expression of NR1 was accompanied by an altered expression of other subunits. Furthermore, the subunit composition and functional properties of NMDA receptors are developmentally regulated (Flint et al., 1997; Zhong et al., 1996) . NMDA receptors in immature rat brain mediate longer-duration excitatory postsynaptic potentials and are less sensitive to Mg 2þ block and more sensitive to the coagonist glycine than mature NMDA receptors (Burgard and Hablitz, 1993; McDonald et al., 1989) . These specific characteristics may underlie the enhanced capacity of the developing brain for learning and plasticity (Flint et al., 1997) ; however, they are also likely to increase the vulnerability of the postnatal brain to excitotoxic injury. It has been reported that exposure of developing rats to MK-801, a noncompetitive NMDA channel blocker, increases expression of NMDA receptor subunit mRNA (especially for NR2A) and mGluR5 mRNA, and this increase in gene expression for NMDA receptor subunits may contribute to the increased binding to NMDA receptors and the increased vulnerability to excitotoxic injury observed 24 h after MK-801 exposure (Wilson et al., 1998) .
Given the key role of the essential subunit, NR1, it is not surprising that in frontal cortex the upregulation of NR1 expression along with alterations in other NMDA receptor subunits (such as the NR2 family) play an important role in determining the pharmacological properties of the receptor. It has also been postulated that the excitotoxic effects of glutamate are largely mediated by increased Ca 2þ influx through activated NMDA (Choi, 1987) . Associated with this increased Ca 2þ influx is an increase in the generation of reactive oxygen species (ROS) that appears to originate in mitochondria (Malis and Bonventre, 1985) . Ca 2þ loading by the mitochondria beyond their buffering capacity reduces their membrane potentials and disrupts electron transport which results in the increased production of the reactive free radical superoxide anion O Áÿ 2 (Luetjens et al., 2000) . The present data suggest that continuously blocking the NMDA receptor in the developing brain with NMDA antagonists such as ketamine causes a compensatory upregulation of NMDA receptors. Therefore, the neurons bearing these receptors become more vulnerable, after ketamine withdrawal, to the excitotoxic effects of glutamate, because this upregulation of NMDA receptors allows for the accumulation of toxic levels of intracellular Ca 2þ under normal physiological conditions. Taken together, the data suggest that long-term (24 h) ketamine exposure-induced neuronal cell death in the perinatal monkey brain is most likely both apoptotic and necrotic in nature. Ketamine-induced cell death may involve the upregulation of the NMDA receptor NR1 subunit mRNA during development. The earlier developmental stages (GD 122 and PND 5) are more sensitive to anesthetic-induced neurodegeneration than are later developmental stages, such as PND 35. Importantly, the present study has demonstrated that shorter duration anesthesia (ketamine infusion for 3 h) does not produce neuronal cell death in the PND 5 monkey.
